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TERORETICAL INVASTIGATIONS OF THE RESISTIVITY<SATURATION 
RELATIONSHIPS IN POROUS MATERIALS 


ABSTRACT 
In this paper it has been shown that the similarity existing 


between electrical and hydraulic flow leads to a relationship between 
electrical conductivity and hydraulic permeability, Sxpressed in terns of 
relative resistivity and relative permeability to the wetting phase, the 
relative permeability ia equal to the relative resistivity times the 
square of the conducting fluid saturation, 

Analysis of the data of previous investigators shows that for 
Glean unconsolidated sands the relative permeability 19 equal to the 
square of the relative resistivity, Por consolidated. aands the data are 
not as definitive, but the indications are that the relative permeability 


will be less than the square of the relative resistivity, 


AETRODUGTION 
Since the tine of its inception the electrical log has been 


used primarily to correlate structures and geology in local areas, and 
to indicate qualitatively a given stratum’s fluid content, It is readily 
apperent that quantitative relationships between fluid content and the data 
available from the elestric log would increase the value of the latter 
many times, 

The problem here is twoefold, There omot be oabtablished a 
quantitative relationships between the brine saturation of a porous matrix 


and ite resistivity at thie saturation, Further, the relationship of the 


oe ee a er 


ea 


Jhon 
wa 


aeod gai gas kastatoute wit wpkiqooal att 10 ett sdé vonte 

Dus yavone Loves al qyafoes bin tourunds eeaferwoe of yLtaning b : 
wibswr ef 2% Junge LILY atreatie aevdy w yLovidaritan etnelbnl 0 

atab ott daa tavtmoe binlt pameile bina takers orldadttonip vate | 


6 bedetidntes of fumz ores? ,Diomowd at oxedt mokdong wt! 
eid svenoy 9 30 wolseutm onbed eGd ssomind gqliesottates evttaa tena 
ost Yo gitfeaolialox odd yrodite  moltourtes add te Geivicaless ed? bee 


: 
- 
’ 


true resistivity to that obtained with the log, somplicated as it is 
by many side effects, must be established, This problem is being studied 
primarily by the o11 well servicing companies, and although the answer 
ig not complete, satisfactory empirical relationships have been worked 
out in the form of curves, (4) The problem of the quantitative saturation- 
resistivity relationship, with which this paper will concern itself, chs 
been primarily one of the laboratory and has been attacked by many 
investigators, (@) (5) (4) (6) (6)(7) 

The first definitive work to extend the usefulness of the 


(2) Ke 


electrical log in 2 quantitative sense wee done by Archie, 
proposed a method for determining the oil or water saturation of a 
reservoir bed from a measure of ita resistivity as compared to the 
resistivity of the brine with which it was partially saturated, 
From an extensive series of data Archie postulated two 
empirical relations: 
Fer (1) 
$ = (Ro/x)*49 © (pmy/a)2/® (2) 
where F is a “formation resistivity factor" defined as the 
resistivity of the saturated matrix (R,) divided by the 
resistivity of the brine with whioh it is saturated (R,) 
f is the fractional porosity, 
m is an exponent termed the cementation factor, 
3 is the fractional brine saturation, 
R ia the resistivity of the partially saturated matrix, and 
n is the saturation exponent, usually taker ag 2, 
This work opsned the field for subsequent investigetors to establish 
@ more precise relationship between the brine s&turation of « porous matrix 


and the resultant resistivity, In the main these efforts have bem directed 
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towerd establishing a value for "n" that will result in more gonsistently 
sorrect evaluation of the saturation, end toward showing that the resistivity 
is a function of the method of saturation and of the fluid distribution, 

Gertainly studies of the variation of resistivity with distribu- 
tion are very necessary since the distribution of the fluids will probably 
effect the resistivity, ‘hen the medium is wet by the condusting phase 
the effect is usually small, out marked variations have been shown to 
ocour in sone cases when the sand is oil wot, (°) 

However, 16% must be remembered that the data obtained have been 
applied to an expression whieh was put forth initially as an approximate 
reletionship without a solid theoretical jretificstion, fo overcome this 
difficulty, the problem waa attacked from a fundamental theoretical 
standpoint, idealized pore spaces were broken up inte incremental ele- 
ments and the resistivity relationships were analyzed, By this neana the 
Pelationship between resistivity and saturation was determined for simple 
ideziized pore spaces, 

This approach to the problem showed that even in these simple 
Gases the relationships were very complex, and that no sinple, general 
solution of the relationship was availeble from the geometry of the system 
alone, another independent parameter wae required, ‘The relationships 


Obtained and their derivetions are contained in Appendix I, 


If the laws of eiectrical flow are considered, it wili be noted 
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that for a constant electriaal voltage and resistivity the amount of 
gurrent flow per unit of length will be a funation of the area available 
to flow, Por hydraulis flow through a capillary tube, for a constant 
pressure gradient, the rate of fluid flow wili be proportional to the radius 
of the tube raised to the fourth power, This was indicated by Yyllie and 
nose'?) wnen they called attention to “a fundemental difference between 
viscous resistivity to fluid flow and electrical resistivity, The former 
effect depends principally on the pore radius to the fourth power (r*) and 
the latter to (sic) the radius aquared (x*)", 
With this concept in mind the relationship between electrical 
sonductivity and hydraulic permeability will be developed as follows: 
Gousider a porous satrix saturated with a brine of resistivity 
Rg. The resistance offered to electrical flow is given by the relation 
Rea @ (d/na)Ry (3) 
where d is the average length of the pore chennels, 
n is the nwaber of pore Shannels, and 
a is the average cross sectional area of the pores, 
The resistivity of the saturated matrix, Ry, ia given by 
Ry © Ry(d/na)(a/L) @ (d4/L)(A/na)Ry (4) 
where L is the length of the matrix in the direction of 
electrical flow, and 
A is the cross sectional area of the mtrix, 


If the fractional porosity, f, is written in termes of the 


geometry of the system 
vold volume _ (d)(na) 
vl bulk volume ~ ~(L)(A) (8) 
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(afna) = (a/L)/¢ (6) 


From which 
Ro/By = (4/1)*/t (7) 


where (4/L,)* © %, is termed the tortuosity of the system, 
Rewriting equation (7) 
Rg/hy = 2/t (7a) 

which ia at variance to the relationship Ro/a, © gl? tg 
developed by Wyllie and nose?) as a definition of formation factor 
because they based their development on the relation f = na/A, which 
is true only for the capillary tuve where 4/1 © 1, 

When the electrical end hydraulic flow paths are the same, when 
no electrically sonductive solids are present the permeability may also be 
expressed as a function of the tortuosity, Rose and sence (20) express 
the hydraulic permeability of a porous matrix by the following relation: 

K @ (fm*/x,)(2/2) (8) 
in which K is the permeability, 
m is the mean hydraulic radine * f/4,, 
Aj is the surface area per unit volume of the matrix 
forming the pore channels, 
Ko is & sonatant of streamline motion derived from 
the Kozeny equation, and 
f i» the fractional porosity, 
This may be written as 
K = (£3%)/(A27Kg) (9) 
where t = 1/T 
For any saturation of the wetting phase the effective poresity 


of this phase will be equal to the product of the porosity at complete 
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saturation tines the fractional saturation, 


f, 2 3f (10) 
Then for any saturation in which $8 is leas than 1,0 

Ky © (£9°t)/(Ay"ky) (21) 
Prom equation (7a) 

t = (Ry/Ry)/f, (7) 


Ky © (£97/41 7) (iy/R4) 
@ (£792/a,7K.) (RAR) (12) 

Writing permeability at 9 #1,0 as the homogeneous fluid 
permmeadility KX, and the pemneacility at 3 1,0 as K,, and similarily 
the resistivity at 5 # 1,0 as 8, end at 5 1,0 as BR, the ratio K,/z 
becomes: | 

Ky (£23 /A 7g) ihy/R) 
x (e/g hg) y/o) 
or 
Ky/K © 9%(R9/R) (13) 

In which K,/K is the relative permeability to the wetting phase 
as currently defined in the literature, and R,/K is a new concept termed 
the relative resistivity, 


ATALYS 15 OF Dats 
Prom equation (13) it may be seen that the relative permenbility 


end relative resistivity are both funations of the wetting phase saturation, 
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Referring to the data of tyekoff ena soteet'!"), vaines of 
relative permeabliity to the wetting phase for a slean uneonsolidated sand 
result in a linear relation with saturation on logerithmie coordinates, 
Figure (5) of the paper by Dunlap and his co-workers!” ) is a plot of the 
resistanos of a clean unconsolidated sand against saturation, From these 
data the quantity (R,/R)s* may be calculated, ‘his fmetion is then plotted 
on logerithois coordinates against saturation and a atraight line may be drawn 
through Dunlap's experimental data plotted in this mamer, For the resig- 
tivity function in the region where $¢0,5 the fit is excellent, Above 
this vegion the experimental points are spread, possibly because of non- 
uniform saturation, S5edause no information is available on the gradient 
of such possible saturation variation, the line represents an "eyeball" 
averege of the data, 

These two seta of data are shown on Figure (1), ‘The vertical 
axes represent the right and left sides of equetion (13), and the horizontal 
axis represents the fractional wetting phase saturation, 

Despite the fact that over ten years seperate the tines of 
Obtaining these two seis of data, and desplie the fact that the properties 
of different sands were being lnvestigated, elose agreement is obtained 
between the two lines, Thus it oan v6 said that the function of saturation 
involved is the same for both parameters, 

Thus the equations of these two iines are 

g-" = Ro/R (14a } 
em Ky/k (14>) 
where u is the slope of the lines, 
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Then 
K,/K @ (Ro/a)*/ (2) (15) 


The slope of the lings im Figure (1) is equal to 4, Equation 


(15) then becomes 


x,/K * (2, /2)* {16) 
or for clean, wieonaciidated sands the relative permeability to the 
wetting phase is equal to the aqumre of the relative resistivity, 
Going back to equation (14a), for us 4 
Re/R @ 3” (17) 
Thue for clean, unoonsolidated sands, the rwlation postulsted 
by aronie!?), using an exponent of 2, is quite valid, 
For consolidated eunds the data avaliable in the Literature 
are not definitive, Using the data of Mores and his co-workers (t2) | 
fer consolidated sands, the right and left sides of equation (15) are 
again plotted againat saturation on logarithuic coordinates, igure (2), 
The lines thus ovtained ars not as good as those of Figure (1), but yield 
a slope of approximately 6,0. 
Then for consoiidsted sands approximate relations may be written 
Ky/K ® (Ro/R)*® (13) 
s* @ R,/R (19) 
Because of the dearth of data for consolidated sands equations 
(18) and (19) are presented only as quelitative relations, 
Considering the case of the eapllliary tube, it is known that 
the resistivity varies linearly with the caturation, From this the 
funetion (Ro/R)S? may ve caleulated and plotted againat saturation, 


Figure (3) shows the slope of this line to be three, 
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Thus for a gepillary tube 
ge? = Ro /R 


or 
$ = Ro/R (20) 


Which relation is indeed valid, 

It must be remembered, however, that these reletionahips are 
applisable only when the hydraulic and elestric flow paths are the same, 
or when there are no conducting solids to conduct the electricity to the 
exolusion of fluid flow, | 

AdGitional data are availeble in the literature in the work of 
previous investigatore!**) (25) | These data along with those previously 
used are shown in tabular form in Appendix [I and the source of each is 
indicated, In all cases, in order to obtein relative permeability and 
relative resistivity vaiues at the same saturations, these valves were 
taken from the curves drawn by these previous investigators rather than 
the experimental points themselves, These deta are grouped for unconsolie 
dated sands, consolidated sands, and aynthetlo sonsolidated cores, 

Using the arithmetic averege of the four sets of data given in 
fables I through IV (Appendix II), three ourves were plotted on rectangular 
coordinates, (Figure 4,), ‘The first curve is a plot of relative resistivity 
versus saturation, the second is a plot of relative permeability to the 
wetting phase versus aaturation, and the third ia a plot of relative 
resistivity squared versus saturation, The spread of the relative resis- 
tivity data used to obtain ourve 1 of Figure (4), is shown: by Mgure (8), 
Appendix II, The close agreement of curves 2 end 3 supports the 
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relationship given by equetion (16), 

Referring to the date given vy worse'**) ror a aradford sand, 
(fable VI, Appendix 1), ourves similar to those drawn for the unconsolidated 
gand are shown for this one set of data on a consolidated sand, Figure (5), 
In addition a fourth ourve is drawn to represent the right hand side of 
equation (13), The fair agreement between curves 2 and 4 tends to support 
the relation given by equation (18) for thie set of data, 

Finally using the data for a synthetic core given by Worse (12) 
the three curves shown in Figure (4) ere plotted for a synthetia core, 
(Table VII, Appendix), Figure (6) shows these relationships but the 
date available for this sage were so scent that no definite conclusions 
may be drawn therefrom, exeept that this set of data gives exeslient 
sepport to equation (16), 

If ell the data and the fundamentel ideas developed nbove are 
considered together in a more general senee an additional possible 
aspeat of the relationship becomes apperent, It may be noted that for the 
Gases of the unconsolidated sands end the synthetic core the data available 
are in egreement with the relationships 

Ky/K = (Bo/R)* end 

2/2 = 3° 
The main point of physical similarity between the unconsolidated gands and 
the synthetic sore ia that both are, to all practical purposes, isotropic, 
There are no bedding planes and no stratifieation, With thie in mind, note 


that for the oases of the capillary tube the relation between relative 
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RELATIONSHIP BETWEEN RELATIVE RESISTIVITY 
AND RELATIVE PERMEABILITY FOR 
A CONSOLIDATED SAND 
Data After Morse (12) 
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AND  REEATIVE PERMEABILITY ~foOR 
CONSOLIDATED SYNTHETIC CORE 
Data After Morse (12) 


LEGEND: 

Curve | Ge x 

Curve 2 ‘ fo) 
2 

Curve 3 (*2) 4 


S 
NOTE: Curves 2 and 3 show relationship re 
Equation (16), 


_t7- 


2 0.4 0.6 0.8 


A 
1.0 
0.6 
Kw 
K 
0.4 
0.2 
O 
ie) 
Roi 
(Foy 


FIGURE 


6, 


> ‘ 
oh 

a™ . 
‘ 

ae 

ner 

A 

‘ 


es af 


od 


~a 


we Sg SEE rad 


pene gr a toy) kao nut prc: 


ie. bt) 7 ee 
aia bile @ F 
Cer te 


a 
Us 
vel 
* 
er ae 
/ 
7 eit 


F ey Cit 
eh Via ‘ee 
M, 
a: 
Lf 
- 
ty 
<s < : 


at 


? 
eed ere my -| amcae meet Pulte? : ry ms 
as epee Te made jes 
F e yy 
‘ 
7* Ss 
"hy 
. 
‘ 
we ee 
' ve 
Vy Y a 
Ni yin -: mesial. 
ow Lite bs J 
h 
} i 
: 
{ 
a 
Ps c= : = ‘ 
4 4 
! 
} - 
: " 


jee ian, 


¢ 
Wy. ni) 


it 


——- 
= 


resistivity and saturation is 
R/a = 8 
Gonaider, in this light, the aase of a sons0lidated sand with 
more or less stratification, If the plenes of stratification are such 
that flow paths are no longer rendom, then preferential flow channels will 
be established either in the general direction of flow or acrogs the 
general direction of flow, If along the direction of flow the conditions 
will tend toward those of the capillary tube, and the relation between 
relative resistivity and saturation will become 
R/k = g® where n< 2 
If atratification is more pronounced across the direotion of 


electrical flow the conditions will be on the other side of isotropic 


sonditions, and 


afr oe # where n> 2 


Since the data presented are somewhat varied and were not gathered 
with this problem specificelly in mind they are not ideally suited for 
the confirmation of the relationships postulated, It would therefore be 
desireable to obtain additional deta under cirounstanses controlled to 
point up the effects considered, 

Although it 1s felt that the fluid distribution within a core, 
as well ae the agtusl saturation, will effest the resiativity the initial 
step in the analysis should be to sstablish this faot experimentally , 

Sueh experimental verification on a macroscopic level could be 


obtained by placing e pertially saturated sore in a centrifuge and 
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EXPERIMENTAL SETUP FOR MEASURING 
RESISTIVITY AND PERMEABILITY 
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rotating the centrifuge at velocities sufficiently high to obtain definite 
anounte of fluid migration, As the orientations of the core were changed 
fluid migrations would take place to various parts of the core and fluid 
distributions would be changed, The rotor of the centrifuge must be fitted 
with slip rings to measure the resistivity of the sore while the centrifuge 
is rotating, A gontrol plug of know, and constant resistivity must be 
placed in the centrifuge to keep a cheok on ciranit variations, Sueh a study 
Would show the effect of changes in the macroscopic fluid distribution 
within the gore, “lorossopie variations would probably have an effect upon 
the resistivity, as indigated in the earlier disoussion, but these varlae 
tions would be masked by the larger macroscopic effect, 

Eaving established such an effect the problem of a relationship 
is primarily that of the relationship between hydraulic end electrie flow, 
Thus a aystem in which both hydraulia and elestrio flow oan oecur omet be 
used, further, since there are only two electrical “phases”, the sonduc- 
ting fiuid and the non-condusting fluid, only a two shase hydraultie 
aystem is necessary, Such a syetem gould be set up using a modification 
of the equipwent deserived by Dunlap!?), shown in Figure (7), 

Knowing the honogeneous fluid permeability of the core, and its 
effective porosity, the core mounted in sush ea lucite core holder gan be 
saturated with bring, At this saturation the voltage drops oan be 
measured and the resistivity, By, can be ealouleted, The multiple eleo- 


trodes provide a check on the uniformity of saturation, 


pawl dle tie itil Ge | ' 
biel bon wine att 10 etna amatear ot sabe } bkapw enon 
Dose! 6 sewn optiteneo esi? Ye YOto™ pat dee etn 
at wn oa 
6 tam ytivitatenn tumtanwe bao, mowk Yo yrlg LoremeD A ‘ 
Vaote 6 dowe eaos0ataay Sbyotte 50 sade a quest 0s myname” odd ab be 
soltwattatb bist odqoonorosm add nt eogande 20 soot Lo add ’ 
Kegs Jovlle as eved yidedoug bivew anoivaitay siquesess2i | see 6 
aetiay paedt tud .olneseeth teLitae eid wt Dedaotbet ao ye 
es ame ea sow gaccoronn waytak od oH Dust! o6 Aue a 
acehoideizar 6 ne ohtinenn lone lvieuea ob Ueelhsectadaidida aia 
ewOL% oLisosle bus etlwardyd seewied qlduaoliales ed’. to tad? yt 
od tems in000 msn wel? oiisosle bus oLinemby Mod dekiw at soto o emt 
~oxbs@0 ect’ ,"oennig" Lavkstuale ont vino one oxods soale qtedieut bet 
oMisenbyd sands ews 6 yino ,Olu% gatteabuoonnom ene ban blak ge 
mitepitiboe: a yates ge tee of {woe aoinga @ saul. .groeseven af be. 
LES) target, ook corte an arte Sense ai 
S21 San .o1on 90 ghllivepmeq DANI? expenegonod edd galvock - on 
ed ave vedio: eros etlenl » dowa ol Aatatem atom odd yyileoveg oorte 
8d a0 eqend agatLoy adv soltondm etdd A ,enind delw 
<oofe eigitlin st? hotel eter 6 ced pgit .ytividelecs oMt, bas 
motte tetas te qgilesetiaw ed? ae apede « oblveig 


he entonisin gan then be varied by flowing o11 and water 
through the system at rates fixed by the constant volume pwups, When 
equilivbrius is reached the fluid fiux out will be equal to the smounts 
flowing in and a sonstant pressure drop will obtain, From these rates of 
flow the permeabilities to both phaseg aan de caloulated, although ia this 
analysis only the permeabiiilty to the orine phase is reauired, 

While the system is flowing under eqnilibriwn eonditions a voltage 
gan be luprassed across the end electrodes, The voltags across the measuring 
electrodes dan be measured, and from this the resistivity, Ry, can be dale 
Gulated, fo estaviish whether or not the resistivity will be effected by 
streaning potential phenomena, hydraulic flow oan be stopped, the voltage 
drops measured and the resistivity under static conditions caleulated, It 
is considered that for brine concentrations greater than 0,17 this effect 
Will ce @aaii, 

This then will permit permeability and resistivity meagurements 
to be made at various saturations, In order to make these data definitive 
of the gonditions an independent determination of the brine saturation 
mugt be made, This might be avcomplished by & mage balance, but, because 
of the relatively large quantities of fluid involved, the precision of this 
mathod will be poor, 

4 more gatisiactory approach to the problem lies in saturation 
evaluation by Keray anaiysie, If the equipment desoribed above were mounted 
in A-ray equipment as described by Laird and Putnam! 16) | after saeh set of 
permeability and resistivity measurements, the saturation and its dis- 


tribution could be evaluated independently, 
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With date obteined in this fashion the reliability of the 
relationships developed aveve could be checked conclusively, 


SONU EES 
le It haa been shown that because of the similarity between 


electrical end hydrauliea fiow a relation may be developed between eloc- 
trioal conductivity or resistivity and hydraulics parseabliity, This 
relationship takes the form 

Ky/K& = (Ro/R)3* 
2, if the saturation is eliminated frem the expression, a second 


relation results x /x » (p/n) (™=2) 


{a) Experimental data show that for glean unconsolidated sands 


Myf © (Ro/R)* 


(eo) Por consolidated sands the deta availabie are not as done 


Glusive, but a qualitative relation may be written 


Ky/k = (Ry/a)* where v < 2 
3, It has aiso been shown that the relation postulated by Arohis 
g* © Rg/k 


is quite valid for glean unconsolidated sands, 


In addition to the Goncliugions given above the following tenta- 


tive conclusions are also presented, 
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1, Yor isotropic media the relative permeavility to the wetting 
phase is equal to the square of the relative resistivity, Further, for 
these media, the velationship developed by Archie is vaiid and the 
exponent of the saturation is equal to 2, 
Re Por anisotropia media, in which the bedding liss in the 
Girestion of electrical flow, Arohie's relationship is valid, but the 
exponent of the saturation is less than 2, 
5. For anisotropic media in which the bedding is across the 
Girecstion of electrical flow, Archie's relationship is valid, out the 
exponent of the saturation is greater than 2, 

by a study of the resistivities of consolidated sands in 
oarefully oriented positions these gonclusions could ve verified, and, 
if true, o quantitative relationship established, A study of available 


field data might slso be used to investigate these relationships. 
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fo detemsize whether or not a definite relationship onn be 
estatlisned to predict the variation ix reeletivity with e-turstion in 
any porous matrix, this voriation wan studied in e¢rtein idealised pore 
epaees, The pore spaces atudied in detail were (1) = eupiliary tube, 
(2) @ epheries’ pore with « wanll opening at either end, (3) a pore 
Ocuposed of the frastraus of two right giroular genes base to bave, and 
(4) the pore space fonned uy the Gudie packing ef Ldentienl sphere, 

The analysis of eagh of these pore spaces and the roauita obe 
tained are presented in detail below, 

The agmbcle used throughowl thie anolyele are: 

Re Fy %y THdLi of the pores at Vorlous eross avctions, 

ge Fadius Of the nonedondusting bubsle, 

See, reelstance of « single pore, 

Ao 2Pea of the restangulay parilelispiped onelosing the pore 

at right englea te the dirastion of flow, 
Ly dength of the rectengelor parallelepiped enclosing the 
pore parallel te the direstica of flow, 

P weaisbivity, 

fe sendacting fluid resistivity, 

Sp sendusting Piraid frectional asturmbion, 

Sye BOn-Gondmoting fluid frueticasl saturation, 

@, o*, Hy ge ° G&G, geommtria poremetors of the varlous pores, 
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Prom the development given above it may be seen that 


although the relative resistivity will in general take the form 
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there ig no simple precise relationship between saturation and resi 
tivity, Ae the system begins to approach a natural system, in the aubple 
packing of spheres, the reletionship besones very formidable indeed, 
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To establish the significance of the higher order terms in these 


relationships, equation (29) wee plotted on logarithmic coordinates along 
with equation (33), The experimental data of Figure 1, is also shown for 
comparison purposes, It may be seen immediately that the higher order 
terms are significant all the way and such a simplification is a poor 
approximation, 
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Prom this analysia it may be concindeds 
1, The relationship between saturation and resistivity will, in 


general, take the form 
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are significant throughout the entire range, 
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Relative Resistivity and Relative Permeability 


for Unconsolidated Sands 


Table I 


(uyekorr & Botset) +1) 


S Ro/R (Ro/R)* Ky/K 2 
og) $1.0 1.0 1,0 
0.9 0,84 0,702 0.70 0.9 
0.8 0,67 0,45 0,46 0,8 
6.7 0.55 0,28 0.29 7 
2c oleh *'0.15 | 0,16 0.6 
0.5 0,27 0,073 0,08 0.5 
0.4 0.17 0,029 0,03 0.4 
0.3 0,09 0,008 0,01 0,3 
0.2 0.04 0©,0016 0,005 0.2 

Table III Table IV 

(Kogan) '45) (Dunlap) 7) 
Bo/R (Ro/R)* 3 Bo/R (Ro/R)” 
ao. AsO £0 2, 2,0 
0.81 0,65 0.9 06,92 0,845 
0,67 0,45 0,8 0,72 0,52 
0.54 0,29 0.7 0,54 0.29 
0.41 0,17 0.6 0,39 0.15 
0.29 0,084 0.5 0.28 0.08 
0,20 0,040 0,4 0,17 0,029 
0,12 0,014 0.3 0,08 0,006 
0.06 0,004 0.2 0,04 0,002 


Table II 


(Leverett) (1+) 


Ro/R (Ro/R)* Ky/K 


2.0 


0,845 


1,0 10 
Oct 12. G7 
0,475 0,53 
0,29 0,36 
0,16 0,22 
0.073 nee 
0,029 0,05 
0.006 0,01 
0,0016 ~ 
Table V 
(Average ) 
Ro/R (Ro/R)* Ky/k 
1,0 5 8) ps 
0,854 0,729 0.72 
0,683 0,473 0.495 
0,538 0,279 0,325 
0,398 0,158 0,190 
Opare .0,arr 0,095 
0,180 0,032 0,040 
0,098 0,0096 0,01 
0,045 0,002 2 
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SPREAD OF RELATIVE RESISTIVITY DATA 
FOR UNCONSOLIDATED SANDS 


1.0 : 1.0 
| LEGEND: | | 
Curve | Table I 
Curve 2 Table I 0.8 
0.8 Curve 3 Table I : 
Curve 4 Table IV 
0.6 0.6 
Ro 
R 
0.4 0.4 
O72 0.2 
O O 
O 02 0.4 0.6 0.8 1.0 
S 


NOTE: The average of these curves is represented 


by curve |, Figure 4. 


FIGURE 8. 


Relative Resistivity and Nelative Permeability Data 


Table VI 
(Consolidated Natural Core) 
(Morse) (42) 


Bradford Sand, Air Permeability 93 md., Porosity 20,2% 


3S Rof/R (Ro/R)® (Ro/a)be> Ky/K 


Vue 166 4 se 1,0 1.0 
0.9. 0,40 07350 6,253 0,37 
G8 0,25 DL06S . “Oplee 0,24 
OF 051% 0,089 e2078 0,12 
0.6. 0,11 “0,012 “Gi0s7 0.05 
0.5 0,07 0,005 0,018 0.01 
0.4 0,05 0,002 0,010 - 
Table VIL 


(Consolidated Synthetic Core) 
(morse) (12) 
10. 1,0 Leo 160 


0,9 “0504... .O3¢2 - 


0.5 0,12 0,014 0,015 


for Clean Unconsolidated Sand 


Top Part of Core 


Ro/R (Ro/R)S* 


3 


1,0 

0.917 
0.735 
0,550 
0,306 
0,153 
0,121 
0,112 
0,106 
0,097 
0,087 
0,078 
0,078 
0,078 
0,073 
0,061 
0,054 
0,050 
0,048 
0,042 


0,052 


1,0 
0.725 
0,526 
0,319 
0,129 
0,052 
0,035 
0,027 
0,021 
0,018 
0,012 
0,0035 
0.0070 
0 ,0056 
0,0042 
0.0032 
Q,0026 
0.00220 
0.00173 
0,00136 


0.00092 


Table VIIL 


Relative Resistivity Data 


(Dunlap!?) | Figure 5) 


Middle Part of Core 


Ro/R (Ro/R)3* 


a 
> 
— 


1,0 


0,86 


1.0 


0,033 
0,0220 
0.0178 
0.0132 
0,0091 
0,0065 
0,0055 
0.0051 
0,0044 
0.0031 
0,0025 
0.00180 
0,00148 
0,00094 


0.00072 


Bottom Part of Core 


(Ro/R)s* 
1.0 
0,640 
0,444 
0.374 
0,232 
0,084 
0,0695 
0,0428 
0.0353 
0.0196 
0,0128 
0.0073 
0,0048 
0.0036 
6,00216 
0,00172 
0.00148 
0.00090 
0.00045 
0,00037 


0.00024 


Relative Permeability Data for Unconsolidated Sands 


Table IX 


(wyekoff & Botset)(11) 


pee Ae: 
0,9 0,70 
0,3 C46 
Oa 6,29 
0,6 0.16 
O<¢S 0,08 
0,4 0,035 
O° 05010 
0,4 0,005 


Relative Resistivity and Relative Permeability Data 


for a Consolidated Sand 
Table X 
(Moree) (22) 
Bradford Sand, Air Permeability 93 md,, Porosity 20.2% 


S Ro/R (Ro/R)s* Ky/K 


5,0 4.0 1,0 LO 

0.9 0,40 0,324 U.o7 
0.8 0.25 0,160 0,24 
O57 O~et7 0,083 Opie 


—e 


Sob aes 


Relative resistivity as used throughout this work is actually 
the Relative reciprocal resistivity, or the relative sorduetivity, However 
for clarity and brevity, the term: relative resistivity is used, 

It shonld be noted that relative reciprocal resistivity, or 
relative conductivity, is the eleatrical analog of relative permeability 
and varies between 1,0 and 0,0, Relative resistivity on the other hend 
varies between 1,0 and infinity, It is the former term, with appropriate 
limits, whieh is used throughout this work, 
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